cDNAs encoding geranylgeranyl diphosphate synthase (GGPPS) of two diterpene producing plants, Scoparia dulcis and Croton sublyratus, were isolated using the homology-based polymerase chain reaction method. Both cloned genes showed high amino acid sequence homology (60-70%) to other plant GGPPSs and contained highly conserved aspartate-rich motifs. The obtained clones were functionally expressed in Escherichia coli and showed sufficient GGPPS activity to catalyze the condensation of farnesyl diphosphate (FPP) and isopentenyl diphosphate to form geranylgeranyl diphosphate. To investigate the factor determining the product chain length of plant GGPPSs, S. dulcis GGPPS mutants in which either the small amino acids at the fourth and fifth positions before the first aspartate-rich motif (FARM) were replaced with aromatic amino acids or in which two additional amino acids in FARM were deleted were constructed. Both mutants behaved like FPPS-like enzymes and almost exclusively produced FPP when dimethylallyl diphosphate was used as a primer substrate, and failed to accept FPP as a primer substrate. These results indicate that both small amino acids at the fourth and fifth positions before FARM and the amino acid insertion in FARM play essential roles in product length determination in plant GGPPSs.
Geranylgeranyl diphosphate synthase (GGPPS) supplies the essential acyclic precursor geranylgeranyl diphosphate (GGPP) for the biosynthesis of structurally diverse group of compounds including diterpenes. To date, cDNAs encoding GGPPS have been cloned from various organisms ranging from bacteria to higher eukaryotes. Comparison of the amino acid sequences has revealed that GGPPSs known to date contain five distinct regions with highly similar amino acid levels. 1) Taking advantage of this similarity, a homologybased polymerase chain reaction (PCR) method was applied to obtain GGPPS cDNAs from two different diterpene-producing plants, Scoparia dulcis L. (Scrophulariaceae) and Croton sublyratus KURZ (Euphorbiaceae). S. dulcis is the source of unique tetracyclic diterpenes, scopadulcic acids A and B and scopadulciol, 2) whereas C. sublyratus accumulates a long-chain diterpene plaunotol 3) together with kaurene-and clerodane-type diterpenes. 4) To clone the genes, degenerate oligonucleotide primers were designed according to the regions in which amino acids are highly conserved among the known plant GGPPSs. Nested PCR with the same sets of primers successfully amplified the core fragments of GGPPS cDNAs from S. dulcis and C. sublyratus. Specific amplification of each clone using the rapid amplification of the cDNA end (RACE) method 5) was carried out to obtain the 5Ј and 3Ј termini of the cDNA. The open reading frames (ORFs) of the GGPPS genes from S. dulcis and C. sublyratus encode proteins of 368 and 351 amino acid residues, respectively. The two clones exhibit 70% amino acid identity to each other. Sequence comparison with other GGPPSs from Arabidopsis thaliana L., Capsicum annuum L., Catharanthus roseus G. DON, and Sinapis alba L. revealed a high level of similarity (60-70%) throughout the entire coding regions (Fig. 1) . The cloned sequences also contain two conserved aspartate-rich motifs that have been reported to be important in substrate binding and catalysis. 6, 7) Analysis of the amino acid sequences suggests that the amino terminal parts of GGPPSs cloned from S. dulcis and C. sublyratus likely encode a transit peptide for chloroplast import. The 50-60 amino terminal residues of the two clones exhibit a low degree of similarity, yet they share common features of plastidial transit peptides in that they are rich in serine, threonine, and small hydrophobic residues but contain few acidic residues. 8) Previous study of the production of diterpenes in leaf organ cultures of S. dulcis revealed that the concentration of diterpenes increased parallel to the differentiation of green leaves. 9) Furthermore, the labeling pattern of [1-
13 C] glucose incorporated into the diterpenes in shoot cultures 10) demonstrated that they are biosynthesized via a mevalonate-independent pathway that has been shown to function in chloroplast.
11) In C. sublyratus, an electron microscope study showed that the main diterpene plaunotol accumulated in the leaf. 12) These data suggest that the biosynthesis of these diterpenes is catalyzed by enzymes present in chloroplasts. As the cloned GGPPSs bear transit peptides for chloroplast imports, they are likely to be involved in the biosyntheses of these diterpenes in chloroplasts.
To confirm that the obtained clones encode GGPPSs, the ORFs were first PCR-amplified with gene-specific 5Ј-and 3Ј-flanking primers and subcloned into the Escherichia coli expression vector pET32a(ϩ) (Novagen) to give pET-SDG-GPPS and pET-CSGGPPS for the S. dulcis and C. sublyratus GGPPSs, respectively. The plasmids were then transformed into E. coli AD494 (DE3)pLysS cells (Novagen). After isopropyl-b-D-thiogalactopyranoside (IPTG) induction, the crude protein extracts containing heterologously expressed thioredoxin-fusion GGPPS were used to test for enzyme activity according to the method described by Ogura et al. 13) Both pET-SDGGPPS and pET-CSGGPPS transformants exhibited sufficient GGPPS activity to catalyze the condensation of farnesyl diphosphate (FPP) and isopentenyl diphosphate (IPP) to form GGPP, whereas control E. coli failed to produce GGPP in noticeable amounts. Specific activities of S. dulcis and C. sublyratus GGPPSs determined from the radioactivity of GGPP were 71 and 66 pmol/h/mg, respectively, indicating that the obtained clones were catalytically active genes encoding GGPPSs.
Interestingly, in spite of higher amino acid sequence homology, the expression level of pET-SDGGPPS in E. coli was apparently higher than that of pET-CSGGPPS judging from SDS-PAGE analysis of the crude extracts (data not shown). Earlier expression studies with Taxus canadensis GGPPS in yeasts 14) and spearmint limonene synthase in E. coli 15) demonstrated that a higher level of heterologous expression could be achieved upon removal of the transit sequences at the 5Ј-ends. In line with these studies, GGPPSs from S. dulcis and C. sublyratus were also expressed as 5Ј-truncated proteins.
Due to the lack of consensus sequence, the exact locations of the cleavage sites for chloroplast transit peptides could not be determined. Nonetheless, sequence alignment with other plant GGPPSs (Fig. 1) suggested putative cleavage sites to be located in the vicinity of Phe-58 and Phe-75 of S. dulcis GGPPS and C. sublyratus GGPPS, respectively. 8, 14) Each truncated GGPPS was functionally expressed in E. coli by the same methods used for intact proteins. SDS-PAGE analysis showed prominent bands corresponding to the truncated S. dulcis GGPPS and truncated C. sublyratus GGPPS. As expected, the truncated proteins exhibited sufficient GGPPS activity to catalyze the formation of GGPP with FPP and IPP as substrates. Specific activities of truncated S. dulcis and C. sublyratus GGPPSs determined from the radioactivity of GGPP were 79 and 74 pmol/h/mg, respectively. The results suggested that for S. dulcis GGPPS and C. sublyratus GGPPS, the putative signal peptides at the amino terminal regions are not essential for the enzyme activity.
Farnesyl diphosphate synthase (FPPS) is a prenyl enzyme producing FPP (C 15 ) which is one isoprene unit shorter than GGPP (C 20 ). It has been shown that amino acids in the region around the first aspartate-rich motif (DDXX(XX)D, FARM) plays an essential role in determining the product specificity of all FPPSs. 16) Comparison of amino acids around the FARMs of FPPSs and GGPPSs of plant origin revealed two different points. First, amino acids situated at the fourth and fifth positions before FARM in FPPSs are aromatic amino acids, whereas the corresponding residues are non-aromatic amino acids in GGPPSs. Second, FPPSs do not contain any amino acid insertion in FARM, yet GGPPSs contain two additional amino acids. To make mutants producing FPP instead of GGPP as a major product, three GGPPS mutants, mutant YF, mutant PC, and mutant YP, were constructed by site-directed mutagenesis. Due to its higher enzyme activity, S. dulcis GGPPS was chosen for this mutagenesis study.
In the mutant YF, the small amino acids Met and Ser were replaced with the aromatic amino acids Tyr and Phe. The mutant PC was also constructed by deleting the two additional amino acids Pro and Cys in FARM. Combination of these two mutants gave the mutant YP. Thus the mutant YP had aromatic amino acids at the fourth and fifth positions before FARM and did not have any amino acid insertion in FARM ( Fig. 2A) . With dimethylallyl diphosphate (DMAPP) and isopentenyl diphosphate (IPP) as substrates, all these GGPPS mutants produced FPP as the major product along with small amounts of geranyl diphosphate (GPP) (Fig. 2B) . On the other hand, the mutants were not able to utilize FPP and therefore no major prenyl compounds could be detected when FPP was used as a primer substrate (Fig. 2C) . The radioactivities of GPP, FPP, and GGPP in the reaction of the mutant YF, mutant PC, and mutant YP based on the specificity of the wild-type GGPPS are shown in Table 1 . Relative formation of GPP, FPP, and GGPP fell in the range of 200-340%, 120-340% and 2-8%, respectively. These results clearly demonstrated that either: 1) replacement of small amino acids at the fourth and fifth positions before FARM with aromatic amino acids or 2) deletion of two amino acids in the FARM of S. dulcis GGPPS was sufficient to convert a plant GGPPS into a FPPS. A previous mutagenesis study around the FARM region of archaeal bacteria Sulfolobus acidocaldarius GGPPS 16) showed that conversion of Thr situated at the fourth position before FARM to Phe was sufficient to allow the GGPPS produce FPP as a major product. Unlike plant GGPPSs, archaeal GGPPS lacks amino acid insertion in FARM. This suggests that plant and archaeal GGPPSs employ different mechanisms to control the chain length of the products. In plant GGPPSs, both small amino acids at the fourth and fifth positions before FARM and the insertion in FARM play essential roles in product length determination. On the other hand, in archaeal GGPPS, having a bulky aromatic amino acid at the fifth and a small amino acid at the fourth position before FARM was essential in chain length determination. This is the first report of successful conversion of a plant GGPPS into an enzyme producing a shorter prenyl compound by site-directed mutagenesis. Amounts of GPP, FPP, and GGPP formed in the reaction of wild-type GGPPS were taken as 100%.
